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Introduction

Some day hydrogen may be used as a viable energy storage and transport

medium within the United States. Hydrogen gas may be used to dilute and ex-

tend our present methane supply as a blend or may even be used in its pure
elemental form as a primary fuel (1). Independent o£ the methods of produc-

tion, storage, and distribution, the interaction of hydrogen with its contain-
ment material will play an integral role in the success of a hydrogen energy
program. Presently, the selection o£ hydrogen containment materials can be

made such that the material will remain reasonably free from environmental

degradation; however, costly alloying additions are required. Unfortunately,
high alloy steels are economically prohibitive when large-scale hydrogen
energy storage, transmission, and conversion systems are desired. Therefore,

in order to implement such hydrogen energy systems in the future, existing
low-cost materials must be improved via mechanical, thermal, or thermo-mechan-

ical processing methods or new low-cost materials which are compatible with
hydrogen must be developed.

Originally, low strength, low alloy steels at room temperature were
thought to be immune to hydrogen gas embrittlement, since no sustained load
crack growth is observed (2). However, results of Clark (3) in HY80 and Nel-

son (2) in SAE 1020 have shown that the fatigue crack growth rate can be
greatly accelerated in the presence of hydrogen gas. In recent results re-

ported by Louthan (4) and _cci (5), the smooth bar fatigue life of an A106B
pipeline steel was reduced up to a factor of ten when the tests were perform-

ed in a 13.8 MPa hydrogen environment. These results suggest that the selec-
tion of material for structures designed to operate in hydrogen under cyclic

loads must include consideration of hydrogen/metal fatigue interaction.

Although the hydrogen/metal fatigue interaction can be severe in low
strength low alloy steels, the degree of degradation may be altered by the

underlying ferrous microstructure. At present, no correlation between micro-
structure and degree of hydrogen susceptibility exists for low strength

steels. However, in high strength steels, susceptibility to hydrogen em-
brittlement has been shown to be strongly sensitive to the metallurgical mi-

crostructure (6, 7). In addition, compositional effects and grain size can
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704H.F. Wachob and H.G. Nelson

modify any specific susceptibility (7). In general, the best environmental
resistance seems to be provided by a well tempered martensitic or bainitic

microstructure, which has been ausformed to produce refined plate sizes and
finely dispersed array of fine carbides (8, 9). A spheroidized structure of
uniformly dispersed carbides in second best (9, 10) with a normalized struc-

ture being the poorest (9). Unfortunately, a similar ranking is not avail-

able for medium and low strength low alloy steels.

The objective of the current research program was to determine the role
of ferrous microstructure on the near threshold fatigue crack growth rate

for a low to medium strength low alloy steel. From these results, one can

then identify the ferrous microstructure which is least susceptible to hydro-

gen degradation.

Materials

Experimental Procedure

Alloy AS16-G70 plate chosen as a
representative steel for this research

program, was heat treated to obtain a

variety of mechanical properties and
microstructures. The plate, 1.2Scm
thick, was austenitized at either
900°C or 1200°C for 45 minutes, then

icewater quenched, isothermally

quenched, or furnace fan cooled. Some
austenizing treatments were followed

by tempering at 450°C for 1.5 hours.

The ambient mechanical properties,
microstructures, and respective pro-
cessing schedules are listed in Table I.
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co.o,*_oN _$ m , _, u U,CRO_TRUCTU.!

NOAMAL,/er,A¢ .ECErvEo,
t_C

UAAItN_T*C • _00 ¢ _o

rtUeEntO i _ _ _ 46O C

_ORMAt,Z_ ' 1_ C

Li,._r,c, i:_ c *so

_tUPER_D _ S_.e _ C

M*R*_.$,I)C _ '._ C
'WO

r tNPEIqEO I S _..• 4_ C

Testin_ Procedure

Tensile specimens and WOL - compact tension specimens (1.2Scm thick) were
cut from the as-received plate; the tensile axis was parallel to the long

transverse rolling direction and the WOL specimens were in the L-T orienta-
tion.

Tests in high pressure hydrogen were performed using a stainless steel
high pressure chamber. After the chamber was sealed and evacuated, it was

purged and backfilled slowly with hydrogen. As part of each charging pro-

cedure, the high purity hydrogen was passed through a coil submerged in
liquid nitrogen to lessen water and other active gas contaminants. The

chamber valve was then closed upon reaching the desired pressure, and the

specimen and crack opening displacement gage w_re allowed to come to equi-
librium with the hydrogen environment for 8xl0" seconds prior to initiating
the test.

The fatigue crack growth tests were performed according to the guidelines

of ASTM 647-78 (1978) (11) with the exception that the Nevmann equation for
stress intensity (12) was used as an alternative to the ASTM calculation.

Fatigue tests were performed under constant crack opening displacement; this

resulted in an ever decreasing load increment AP, (Pmax-Pmin), or AK as the
crack front extended. This load decay, as a function of cycles, was monitor-

ed and later used in the data reduction program. The fatigue crack growth
tests were performed using a 1Hz haversine waveform and a constant R ratio
(Pmin/Pma x) of _0.15. Variations in cyclic loading rate from 0.1 to 10Hz,
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did not have a significant effect on the observed fatigue crack growth rate

in air or in hydrogen.

Fractographic and metallographic analyses were performed after testing

was completed. If etching of the fracture surface or metallographie section

was desired, a solution containing 4 grams of plcric acid in i00 ml of meth-

anol was used. This etching procedure permitted the delineation of several

mlcrostructural features on the fracture surface.

Results

Fatigue Crack Growth Results

The fatigue crack growth rate (FCGR) of this A516 steel was influenced by

a high pressure hydrogen environment and by variations in ferrous microstruc-

ture. The FCGR increased and the fatigue threshold value (AK o) decreased in

high pressure hydrogen compared wlth those values obtained in air. In addi-

tion, the near-threshold fatigue behavior was strongly influenced by the final

austenitizing temperature or austanitlc grain size. Details for a given en-

vironment and mlcrostructure are present below.

Baseline fatigue tests were performed in laboratory air (23°C and 45% KH).

Fatigue crack growth rates were obtained between 10 -9 m/cycle (lower limit of

experimental resolution) and 10 -6 m/cycle. At AK = 16 MPa.m½, the FCGR ap-

peared to be independent of ferrous microstructure or austenltizlng tempera-

ture, as can be seen in Figure i. The slope of this linear regime in air is

3.8. Below AK - 16 MPa.m½, however, the effect of final austenitizing temper-

ature and strength level on the crack growth behavior becomes apparent. As AK

decreased, the FCGR decreases rapidly for those specimens austenitized at

1200oc. Threshold values (±I MPa.m½) in air were 14 MPa.m ½ for the marten-

sitlc structure, 13 MPa.m_ for the
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Fig. i. The influence of austenitlc

grain size and yield strength on the

FCGR of A516 at R = 0.15 and _ = 1 Hz

in air.

bainitic structure, and 12 MPa-m½ for

the normalized ferritlc-pearlltlc

structure. One important point to

note is that the martensitlc structure

had the highest threshold value yet

had a 50% higher yield strength than

the normalized or bainltlc structures.

Specimens austenitized at 900°C

exhibit a linear crack growth behavior

with AK above =II MPa.m_ (Fig. I).

Below this limit, the FCGR drops a-

bruptly and approaches threshold val-

ues of 9.5 MPa.m_ for the martensitlc

structure and 9 MPa.m _ for the ferrit-

ic-pearlitlc structure. Again, a

slightly higher threshold is obtained

in the higher strength martensitlc

structure.

High pressure hydrogen is found

to alter the fatigue behavior of the

A516 steel as shown in Fig. 2. For a

given AK, the FCGR increases above

that observed in air when specimens

are tested in hydrogen. Also, the fatigue threshold values are lower in hy-

drogen than in air for all mlcrostructures tested. The general features and

shape of the FCGR curves remain similar to the air data as is indicated in

Fig. 2.
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Above AK=I3 MPa.m _ the FCGR in

hydrogen appears to be independent of

ferrous microstructure and prior aus-

tenitic grain size (Fig. 2). The

slope of this linear _K curve is about

5.5 which is approximately 50% greater

than the slope of 3.8 observed in air.

As observed in air, the fatigue

thresholds are higher for specimens

austenltized at 1200°C than for those

austenitized at 900°C. The threshold

values for the 12OO°C auste_itized

mlcrostructure are 13 MPa.m m for the

martensitic structure, 11.5 MPa'm ½ for

the balnitic structure, and 10.5

MPa'm_ for the ferrltic-pearlitic mi-

crostructure. The threshold values for

the 900°C austenitizing mlcrostructures

are 9 MPa'm ½ for the martensitic micro-

structure and 8 MPa'm ½ for the ferritic-

pearlitic microstructure. Similar to

that observed in air, a slight increase

in threshold occurs with increased

yield strength.

Fractographic Results

The effect of hydrogen, as seen

fractographically, was to reduce the

features typically associated with

plasticity. The failure mode in air

was transgranular ductile tearing with

evidence of fatigue striations. In

hydrogen, the failure mode is either

transgranular cleavage or intergranular

separation. Two mlcrostructures (fer-

rltlc-pearlitic normalized at 900°C and

the martensitic austenitized at 1200°C}

exhibit all of the various fracto

features and will be used as examples.

The greatest change in failure

mode occurred for the 900°C normalized

mlcrostructure. The primary fracto-

graphic features after fatigue in air

were ductile tearing and fatigue stri-

ation formation; secondary cracking

along a-ferrite-pearlite interfaces;

and out-of-plane crack initiation at

MnS rolling inclusions. These fea-

tures were developed in air over the

entire AK range investigated (Fig. I).

However, as AK decreased, less overall

gross plasticity was associated with

the fracture surface.

10-6

10-7

ca
E

10-8

10-_

200 30 AUSTENITIC
GRAIN SIZE

O • NORMALIZED

[3 BAINITIC d

/", A MARTENSIT|C_AI S

6 8 10 20 0

;K, MPa • m%

Fig. 2. The influence of austen-

itic grain size and microstructure

on the FCGR of A516 at R = 0.15

and _ = i Hz in 6.9 MPa hydrogen.
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The majority of the intergranular

failures occurred at ferrlte-pearllte

boundaries. (The fracture surfaces

have been etched to discern ferrite

and pearlite regions). Evidence of

gross plastic deformation, secondary

cracking, and MnS inclusion effects

was absent or substantially reduced

in hydrogen.

In the 1200°C martensitlc micro-

structure, the failure mode was pri-

marily transgranular in both air and

hydrogen. The fatigue surfaces pro-

duced in air show evidence of trans-

granular martensitie packet failures,

minor amounts of intergranular failure,

and local areas of plastic deformation

and striation formation. A typical

fracture surface produced by fatigue

in air is illustrated in Fig. 5. In a

hydrogen environment, the transgranu-

far failures exhibited less plasticity

as seen in Fig. 6. Addltionally, in

hydrogen the amount of intergranular

separation increased slightly to 10%

of the total failure surface.

Fig. 4. Fractograph of intergran-

ular separation of normalized A516

produced during fatigue at AK = i0

MPa.m½ in 6.9 MPa H 2.

No microstructural component was

consistently associated with inter-

granular failures in the martensitic

specimens. In the balnltlc micro-

structure, however, intergranular

separation was found to be associated

with the pearllte-ferrite boundary,

similar to that seen in the 900°C

normalized material.

Discussion Fig. 5. Fractograph of the trans-

granular fracture of martensitic

The influence of mlcrostructure A516 produced during fatigue at

of A516 steel in air parallels previous AK = 24 MPa.m _ in air.

observation for a wide variety of plain

carbon steels. The FCGR in air at high

AK values is in good agreement with the literature results on SAE 1020 (2),

A516-G60 (13) A516-G70 (14), and several specially prepared Fe-C alloys (15-
16). The threshold stress intensity value at 10- m/cycle for the 900oc

normalized mlcrostructure is very similar to that obtained for a variety of

ferrltlc-pearlltlc steels (15-16). No threshold data is presently available

for the quenched and tempered martensltic structures or for the larger prior

austenltlc grain sizes.

However, Minakawa and McEvily (17) reported recently on a duplex fer-

rltic-martensitic microstructure which had threshold values of AKo=I4 MPa.m ½.

This is in good agreement with the threshold values obtained for the marten-

sitic and bainitic microstructures in the present study that were austeni-

tlzed at 1200°C.
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The fatigue crack growth behavior of A516 steel is greatly influenced

by the presence of a high-pressure hydrogen environment. The FCGR is in-

creased by as much as a factor of ten above that observed in air (Figs. 1

and 2). This is in good agreement with

earlier results of Nelson (2) on a fer-

ritic-pearlitic SAE 1020 steel. The

threshold stress intensities for fatigue

crack growth are also lowered in hydro-

gen compared with air for all micro-

structures investigated (Fig. 1 and 2).

Ritchie has measured the fatigue thresh-

old in 0.i MPa ( 1 atm) hydrogen for

an X-60 linepipe steel and reported a

value of 5.9 MPa.m½ at 10 -13 m/cycle

(18). Additionally, he has also stud-

ied 2_ Cr.-IMo steel (19) and found

_K=9 MPa.m_ at a crack growth rate of

10-9m/cycle. Both materials were aus-

tenitized in the 900°C range. These _..

results are in good agreement with the

values measured in the present study Fig. 6. Fractograph of the trans-

for a ferritic-pearlltic microstructure granular fracture of martensitic A516

austenitized at 900°C. produced during fatigue at _K =15

MPa.m½ in 6.9 MPa H 2.

The decrease in threshold observ-

ed in hydrogen was more severe in the

ferritic-pearlitic microstructures (12% decrease) than in the martensitic

microstructures (6% decrease). The fact that martensitic microstructures

exhibit higher thresholds and therefore have a higher resistance to early

crack growth may be a partial explanation for the observed fact that in high

strength steels, the best resistance to hydrogen in an aqueous environment

is found in the well tempered martensitic and bainitic microstructures (8, 9).

However, comparison of these results may not be valid, because the mechanisms

of hydrogen degradation in the high strength steels under a static load may

not be the same as for this low strength steel under dynamic loads. Further

experimentation is required to fully understand the additional hydrogen re-

sistance observed in these cyclic crack growth tests.

The single most important microstructural variable found in this study

is the prior austenitic grain size. The fatigue threshold stress intensity

value is increased with increasing austenitic grain size. This has been

observed by others and is the general behavior for high strength steels (7),

precipitation hardened ferrites (20), and plain carbon steels (16). Present

results indicate the same trend occurs for the hydrogen fatigue threshold as

well. In both air and hydrogen, the fatigue threshold is observed to in-

crease a minimum of 25% for a factor of ten increase in austenitlc grain

size. Finally, these results suggest that in welded structures, material

experiencing the lowest austenitizing temperatures, such as in the base

plate or at the parent metal - HAZ interface, may initiate flaws earlier and

at lower stress levels, than in that material which has experienced higher

austenitizing temperatures such as in the HAZ and fusion zone.

Another parameter found to influence near threshold fatigue behavior is

the strength level. In the present study as the strength level increases for

a given austenitlzing temperature, the threshold fatigue value also increases.

This increase, although small, is found to exist in both air and hydrogen.

This shift in threshold is contrary to what has been seen by others in both

low-strength (16, 19, 20) and ultra-high strength steels (7). However, Mina-

kawa and MeEvily (17) have reported an increase in the threshold with in-

creasing strength of duplex fer:
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creasing strength of duplex ferritlc-martensitic microstructures. They

suggested that a large crack closure occurs due to back stresses and con-

f inement of plastic deformation associated with the hard martenslte. Their

analysis indicates that _Kef f is approximately the same for the variety of

duplex ferrous microstructures tested. A similar situation may exist in the

present mlcrostructure whereby the quenched and tempered microstructures con-

strain the amount of plastic deformation that can occur at the crack tip.

This constraint is also suggested by evidence of reduced plastic deformation

processes on the fracture surface of the quenched and tempered specimens

(Figs. 5 and 6). However, no measurements of crack closure or effective _K

were made in this study to verify their proposal.

Conclusions

Hydrogen has been shown to degrade the near-threshold fatigue properties

of a low strength, low alloy steel and to be independent of ferrous microstruc-

ture. Hydrogen accelerates the fatigue crack growth rate and decreases the

threshold fatigue value as compared to that observed in air. An austenitic

grain size dependence and a strength level dependence of the near-threshold

fatigue behavior, has also been observed. The fatigue threshold increases

with increased grain size and increased yield strength.

From these results, martensitic mlcrostructures produced at higher aus-

tenitlzlng temperatures provide the best static strength and near-threshold

fatigue behavior of A516 low alloy steel in both high pressure hydrogen and

air environments. On the other hand, the normalized microstructure produced

at e low austenltizing temperature results in both the lowest static strength

and the lowest fatigue threshold in both high pressure hydrogen and air en-

v ironmen t s.
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DISCUSSION

B.R.W. Hinton, University of Manchester, UK.: _¢hy does the fracture mode,
for tests with the normalised structure in hydrogen, change from intergranu-
lar to transgranular cleavage with increasing AK?

H.F. Wachob: We observed a gradual increase of the IG mode of failure as
AK decreased from 24 blPa.m½. Finally, at the threshold fatigue stress inten-

sity, the failure mode was almost entirely IG. The pearlite-ferrite inter-
face appears to be an inherently weak interface, since we observed IG separ-

ation at this interface in both the normalized and bainitic specimens. Thus,
the lowest energy form of crack propagation appears to change from transgran-
ular to intergranular when one approaches the threshold.

A. Atrens, Brown Boveri Research Center, Baden, Switzerland: How certain are

you in the very existence of a fatigue threshold stress intensity in fatigue
crack growth measurements?

H.F. Wachob: The existence of a true threshold stress intensity is unimport-
ant from an experimental and engineering standpoint. The word "threshold" is

probably a poor word choice. Threshold, as defined in the present work, is
the alternating stress intensity that exists at a da/dN of 10 -9 m/cycle.
Other researchers define "thresholds" at a given crack growth rate or after

a given number of cycles where no perceptible crack extension has been ob-
served. In all cases, time or an engineering design limit have been the over-
riding factor for the determination of the threshold.

J.P. Fidelle_ Commissariat _ l'Energie Atomiquej Bruyeres-le-Ch_tel: YoU
find different fatigue thresholds for H and air Fatigue being a cumulative2
process of microplastic damage, as H essentially decreases ductility, a
simple reasoning is that although H enhances crack growth rates, the thresh-

olds should be the same unless oxygen has some positive effect. Experiments

under high vacuum would be necessary to supply a baseline and show whether
H can affect threshold by a mechanism not envisioned above.

H.F. Wachob: We agree with your statement. There are indications from our

unpublished work and from that of Ritchie and his co-workers (19), that the
fatigue thresholds obtained in hydrogen and inert environments {either argon

or helium) are the same. Thresholds obtained under typical laboratory con-
ditions are raised above those obtained in hydrogen. _¢hen cycling near the

threshold under lab conditions (i.e., where water, water vapor, and oxygen
are present), an oxide debris forms near the crack tip which reduces the ef-

fective crack tip opening displacement, and therefore reduces the effective
alternating stress intensity. Therefore, at the fatigue threshold in air,
the applied or observed AK threshold is above that value obtained in hydrogen

or helium. However, the effective AK at the crack tip is most probably equal
to that threshold value obtained in hydrogen, A more comprehensive model
which includes these variables as well as R ratio effects has recently been

proposed by Ritchie (19). To your second comment, we strongly support the
necessity for obtaining baseline fatigue threshold data. However, one

typically obtains the highest fatigue threshold under conditions of a high
vacuum. We feel that the complicated events such as rewelding of the crack

tip during fatigue under vacuum conditions increases the difficulty of in-
terpretation. Therefore, we suggest that baseline threshold fatigue tests

be performed in high purity, well-characterized helium or other inert environ-
meats; thereby eliminating the possibility of crack tip rewelding.


